The concept of the importance of heavy metals for a number of vital processes which has been championed by Bertrand and by Warburg has received such strong experimental support as to win general recognition.
In some instances the dim notion that heavy metal participates in a certain biological process has been clarified by the identification of the metal and by the elucidation of the particular chemical linkage in which it occurs and of the mechanism of its action. In other cases such final proof is still lacking; instead, only circumstantial evidence is available and has to await ultimate confirmation or rejection. To mention only some of the most important reactions occurring in living matter, the essential role of heavy metal has been demonstrated for cell respiration, fermentation or glycolysis, and photosynthesis; its participation is strongly indicated in the PasteurMeyerhof reaction, the regulation of the heart rate, and the catalysis of the carbon dioxide equilibrium in blood by carbonic anhydrase.
The present discussion is limited to biocatalysts where the heavy metal atom is combined with porphyrin, i.e., with tetrapyrrol-structures. The heavy metal is probably always iron, though copper has also been suggested as a possible constituent (vide infra). Main consideration will be given here to those questions which are either controversial in character or which call for a fresh experimental approach. The development of the subject up to about 1933 has been ably reviewed by Zeile."5 * Based on a lecture given at the Seventh Annual Research Conference in Chemistry of The Johns Hopkins University, Virginia Beach, Va., June 10, 1937 .
From the Laboratory of Physiological Chemistry, Yale University School of Medicine. Table I summarizes our knowledge of the structure of enzymes containing hematin. Respiratory Ferment:
Structure of Hematin-Containing Enzymes
The comparison of the photochemical absorption spectrum of the respiratory ferment (more correctly designated as oxygen transferring or oxygen activating enzyme of respiration), as determined in the wild yeast Torula or in acetic acid bacteria for 37 different wavelengths between 193 and 671 m',25 with the directly measured spectra of known hematin compounds led Warburg to condude58 that the hematin of the respiratory ferment is a mixed-colored or green-red hemin. Other members of the same group of hemins are spirographis hemin, the prosthetic group of chlorocruorin (blood pigment of the worm Spirographis), and pheohemin-b, derived from chlorophyll-b by reduction, removal of the magnesium, and coupling with iron. From the latter the group has received the class name of pheohemins.
Inasmuch as direct attempts to determine the structure of the colored group of the respiratory ferment by chemical methods are greatly impeded by the low concentration of this catalyst in even the most actively respiring cells, spirographis hemin as a member of the same group was chosen as the object. The outstanding feature of this hemin, as found by Warburg, 58' 61 is the presence of a fifth oxygen atom in addition to the four oxygen atoms of ordinary blood hemin. While the latter are contained in two carboxyl groups of *Recent measurements with the analytical ultracentrifuge indicate a higher molecular weight, of the order of 200,000 (Wyckoff and Stern, unpublished).
propionic acid side chains, the fifth oxygen, as judged from its reaction with hydroxyl amine, is present as carbonyl oxygen. Last year, Fischer and Seemann," building on the basis provided by Warburg, succeeded in determining the constitution of spirographis porphyrin as that of a 1,3,5,8-tetramethyl-2-formyl-4 vinyl-HCCC=C"J porphyrin-6,7-dipropionic 13 41 acid:flj The controversy concerning the direct visibility of the respiratory enzyme in certain cells is still unsettled. It will be remembered that after earlier unsuccessful attempts, 25 Warburg and his colleagues32, 55 . 59 60, 62 claimed that the long-wave absorption band of the enzyme may be seen with a spectroscope of small dispersion in strongly illuminated, concentrated suspensions of baker's yeast, acetic acid bacteria, and azotobacter. This was concluded from the position of the band in yeast and acetic acid bacteria which coincides with that found by photo-chemical measurements and also from the behavior of the substance responsible for the band towards carbon monoxide and cyanide. Keilin20 confirmed these observations but maintained that the substance responsible for the absorption band is either cytochrome-a or a modified cytochrome-a complex. Keilin's main argument against the identification of these bands with those of the respiratory ferment is their occurrence in cells both of high and of low respiratory activity. But, as Hand16 points out, the absorption spectrum of the respiratory ferment should be readily visible in a spectroscope if the enzyme were present in a concentration of the order found experimentally56 as the upper limit, namely, on the isolation of pheohemins from the heart muscle of the horse which is rich in cytochrome are highly significant in this connection. These pheohemins appear to be different from kryptohemin29 which Negelein obtained from pigeon's heart muscle and from impure blood hemin and which, according to Negelein30 represents probably an artefact arising in the course of the chemical operations.
Cytochrome:
The inclusion of cytochrome in this discussion might be criticized on the ground that the enzymatic nature of this system of intracellular hemochromogens is questionable. However, of the three components-a, b, and c-only the last is comparatively able. Only those thermolabile, protoporphyrin.) colloidal biocatalysts capable of reaction with their substrates without the help of other catalysts might deserve the designation as enzymes, while those systems which represent mere coupling links between two enzyme systems or between an activated substrate and an acceptor, e.g., cytochrome or the yellow enzyme, may perhaps be more accurately described as carrier or transfer systems. The only difficulty here is that the name carrier is already in use for the protein component of enzyme molecules.
Of the three hemochromogens, only cytochrome-c may be obtained in solution by suitable extraction of Baker's yeast. Synthetic work as well as the study of the prosthetic group by the dassical methods of hemin chemistry has led Zeile and his collaborators4 68, 69 to the conclusion that cytochrome-c porphyrin shares with protoporphyrin the origin from etioporphyrin III and the configuration (IX) of the side chains, but that it differs from the blood porphyrin by containing probably a base with tertiary nitrogen which is attached to an unsaturated side chain (Fig. 2) .
The cytochrome-c porphyrin, in contrast to all other known porphyrins, is water soluble. It owes this remarkable property to the presence of the nitrogen base in the side chain. The purification of cytochrome-c from baker's yeast and the study of its chemical and physical chemical properties by Zeile66' yielded preparations of an hemin content of 3.1 per cent, indicating a degree of 92 per cent purity. The value for the smallest molecular unit as deduced from adsorption experiments is about 18,000, whereas diffusion experiments give values from 86,000 to 185,000. Theorell"3 claims to have prepared pure cytochrome-c from heart muscle.* The iron content of the best preparation was 0.34 per cent. The nitrogen content is comparatively low (14 per cent). The isoelectric point was found by cataphoresis to be at pH 9.8. The value of 15,600, given in Table I for the molecular weight, was obtained by sedimentation measurements in the ultracentrifuge. 2 It remains to be seen whether there exist really significant differences between cytochrome-c derived from yeast and from heart muscle.
The preparation of a water-soluble hemin (c-hemin) from blood corpuscles of several species of mammals has recently been reported.'
What little is known concerning cytochrome-a has_ already been briefly mentioned in the section dealing with the respiratory enzyme. Spectroscopy shows46 67 that the iron of catalase exists in a stabilized trivalent state.* The usual reducing agents fail to convert the enzyme into the ferrous form. The only difference, then, between catalase and methemoglobin appears to consist in their protein component. About the only fact definitely known concerning the enzymatic protein is that it cannot be identical with globin, the protein of the respiratory pigment. The isoelectric point and the approximate particle size given in Table I are due -to the protein part of the enzyme but give little indication as to its specific nature.
Sumner and Dounce have announced"0 recently the isolation from beef liver of catalase in crystalline state. The specific activity of the crystals is given as Kat.f. = 25,000 and the iron content as 0.1 per cent. There seems to exist a species difference with regard to activity since, from other sources (horse liver), preparations of Kat.f. as high as 43,000 have been obtained."" 67 Euler and Josephson,"0 in 1927, prepared an amorphous catalase preparation of greater activity per weight and of an iron content of 0.6, which is strongly indicative of the presence of extraneous iron. The ultimate preparation of pure, crystalline catalase will permit a study of the protein component along the lines suggested by the work of Theorell on the yellow enzyme and by the work of Northrop and Herriott on crystalline pepsin.t It has been claimed by Agner1 that liver catalase may be reversibly dissociated into the prosthetic group (hematin) and the protein component by a procedure analogous to that used by Theorell for the yellow enzyme. Though such a result would be in complete accord with our concept of the structure of catalase, it ought to be mentioned that attempts to confirm this finding in other laboratories47 52 have failed up to the present. According to our experience this may principally be due to the pronounced lability of the protein of catalase, once it is separated from the prosthetic group.
Peroxidase:
The work on the constitution of peroxidase reflects frequent changes of opinion on the significance of the iron or hematin content of the enzyme preparations for the catalytic activity. The fault was not so much with the degree of purity or activity of the earlier preparations, since the activity of Willst'aitter and Pollinger's63 best preparations (purpurogallin number 3070) made in 1923 has not been surpassed up to the present. The true cause was the complexity of the situation, since even the best peroxidase preparations contain not only inorganic iron but also porphyrin-bound iron as a component of the enzyme and of catalytically inactive or little active hematin compounds. When Hand wrote his review16 in 1933, it looked as if the work by Kuhn, Hand and Florkin26 had definitely established the hematin nature of peroxidase. Their evidence was, however, questioned by the critical reinvestigation of Elliott and Keilin.8 Very recently Keilin and Mann23 have adduced new and seemingly unequivocal evidence in support of the very theory which Keilin, a few years previously, all but shattered. According to these recent results horseradish peroxidase contains a hematin, very probably protohematin, as the prosthetic group. The absorption spectrum is similar to that of methemoglobin and of catalase. Though there is no strict proportionality between the peroxidatic activity and the concentration of total hematin estimated as pyridine hemochromogen, there exists distinct proportionality between the activity (from purpurogallin number 10 to 1500) and the concentration of the hematin compound responsible for the "methemoglobin-like" band at 645 mk or other bands of various derivatives of this hematin, such as the fluoride compound. The most convincing part of the new evidence is the observation of the formation of spectroscopically defined com-pounds of the peroxidase hematin with various enzymatic inhibitors (e.g., KCN) and, above all, with hydrogen peroxide (vide infra).
It is, perhaps, worth mentioning that peroxidatically active fig sap, after rather drastic treatment, exhibits an absorption spectrum of the type shown by Keilin's horseradish preparations.5"
If the identity of the peroxidase hematin with protohematin be granted, we are confronted by the astounding fact that the same porphyrin-iron salt, when coupled with different proteins, gives rise to the three catalytically very different substances, viz., methemoglobin, catalase, and peroxidase.
Action-Mechaiism of Henatin-Contaimng Enzymes
The theory of enzyme action of Henri"7 and of Michaelis27 postulates the intermediary formation of enzyme-substrate compounds. The latter are assumed to be unstable; they may either reversibly dissociate into the original components or break down irreversibly with the formation of free enzyme and product molecules: The parameter of the so-called activity-Ps-curve where the rate of the over-all reaction is plotted against the negative logarithm of substrate concentration represents the substrate concentration required for half-maximal reaction rate at a given enzyme concentration. This value, Km, which is called the Michaelis constant, is, according to Michaelis, a measure of the dissociation of the enzyme-substrate compound. Its reciprocal value, KM, is used to indicate the affinity between the enzyme and the substrate. The definition of the Michaelis constant involves the assumption that k3, the rate of decomposition, is small compared with ki, i.e., the formation, and k2, i.e., the dissociation, of the enzyme-substrate compound. If the three rate constants are of comparable order of magnitude, K., as figure 3 result. A fraction of the enzyme seems to be destroyed in a side reaction. The reappearance of the enzyme spectrum is accompanied by the decomposition of the peroxide into acetaldehyde and, probably, ethyl alcohol. The spectroscopically well-defined intermediate answers the description of an enzyme-substrate compound as contained in the theory of Michaelis. Assurance that this interpretation of the optical observations is correct is provided by subsequent analogous findings by Keilin and his colleagues. Catalase will form a similar complex with hydrogen peroxide in the presence of the inhibitor sodium azide.22 Peroxidase forms two labile addition compounds with hydrogen peroxide, according to the molecular ratio chosen.2" The lability of these last compounds, even in the absence of an oxygen acceptor, may mean that there are either catalytically active impurities present or that catalase and peroxidase show a slightly overlapping specificity which has escaped detection in the earlier work where much more diluted enzyme solutions were used. Further support is provided by the existence of non-enzymatic models of similar constitution. Methemoglobin will form spectroscopically defined complexes with hydrogen peroxide24 and with ethyl hydrogen peroxide.2"`* For the study of the kinetics of such catalyst-substrate compounds a photoelectric recording method has been developed with DuBois.48 Monochromatic light passes through the colored solution of the catalyst and falls on the cathode of a gas-filled photoelectric * A similar complex of hemin in pyridine with H202 has recently been observed by F. Haurowitz (Enzymologia, 1937, 2, 9;  4, 139).
cell. At the beginning of the experiment the substrate is injected into the catalyst solution by means of a spring-gun. The changes in light absorption in the course of the reaction between catalyst and substrate produce corresponding changes in the intensity of the photoelectric current which, after amplification, are recorded by means of a string galvanometer and a moving film camera.
The drawback of the arrangement comprising a single photocell is that not only color changes of the system under study but also changes in concentration or physical phenomena, like foaming or formation of turbidity, will cause variations in the photoelectric current. In order to eliminate these possible sources of error a differential photometer containing two vacuum photoelectric cells in a compensating circuit was developed. Here the beam of light is split up by a half-silvered mirror into two beams striking the cathodes of the two photocells. At the beginning of the experiment the two photocells are balanced against each other so that no current flows in the amplifier circuit working on the "floating grid" principle. The color changes accompanying the chemical reaction under study throw the system out of balance. The resulting current flow in the radio tube is registered, as before, by the string galvanometer. This apparatus is rather insensitive to changes other than those of color (Stern and DuBois, unpublished) .
Though this modified arrangement presents certain advantages over the simpler apparatus, the records obtained by it are still subject to about the same kind of interpretation as is a shadow with regard to the actual shape of the object responsible for it. For this reason a simple spectrographic arrangement has been developed which permits the recording of fast reactions without the use of photoelectric or electric instruments.* An absorption cell containing one reactant is placed between the light source and the slit of a spectrograph. The plate holder is removed and close contact is established with the entrance slit of a falling plate camera. While the plate is falling the second reactant is rapidly injected into the absorption cell. The time is indicated either by a rotating time-marker controlled by an electric tuning-fork or by a neon tube flash arrangement. The photographic plate registers a continuous series of spectra, corresponding to 350 individual spectra on one plate. The use of a supersensitive panchromatic plate permits rates of fall of more than 26 cm. per second. Each spectrum is photographed at this *Stern and DuBois: J. Biol. Chem., 1937, 121, 573. speed in less than 0.002 seconds. This apparatus records any changes in light absorption in the system due to the reaction of the components and correlates them with time. The plates may be further analyzed with the aid of a microphotometer.
The results obtained so far with this method may be summarized as follows: In control experiments where methylene blue was injected into water a mixing time of 0.008 to 0.027 seconds was found. In the course of other experiments transition times even shorter than these, 0.0065 seconds for completion and 0.0019 seconds for half completion, were observed.
The dissociation of human oxyhemoglobin at pH 8.6 and 28.50 C. was found to be complete after approximately 0.08 to 0.12 seconds. This value is of the same order as that extrapolated from Millikan's measurements28 with the flow method of Hartridge and Roughton.
The rate of combination of ferrihemoglobin with hydrogen peroxide, ethyl hydrogen peroxide, hydrocyanic acid, and hydrofluoric acid was studied at pH 5.3 and 26 to 270 C. The results demonstrate the dependence of the rate of reaction upon the ratio and concentration of the reactants, as would be expected from a bimolecular process. This may be illustrated by the fact that with a ratio of ferrihemoglobin/hydrogen peroxide of 1/160 oxygen as the product of the over-all reaction is released appreciably within 0.0027 seconds; at a ratio of 1/16 the formation of the intermediate ferrihemoglobin-peroxide compound is complete after about 0.02 seconds; and at a ratio of 1/1.6 the formation of the intermediate is not yet completed after 0.83 seconds.
The rate of combination of catalase with ethyl hydrogen peroxide, hydrocyanic acid, and hydrofluoric acid was measured at pH 6.9 and 26 to 280 C. The results are similar to those obtained with ferrihemoglobin. There is an indication that ferrihemoglobin combines faster with ethyl hydrogen peroxide than does the enzyme. Still, it is known that this substrate is more rapidly decomposed by the enzyme than by ferrihemoglobin. It must be kept in mind that the rates of the over-all reactions are small compared with the rate of formation of the labile intermediates. The governing factor in the catalyses is the speed of breakdown of the intermediates into the free catalysts and the product molecules.
For the sake of comparison Table II shows some results obtained by the flow method by Roughton and Millikan on the rate of com-bination of blood pigments with oxygen and carbon monoxide and on the rate of dissociation of such complexes. 37) Though an exact comparison will only be possible after the kinetics of the catalyst-substrate reactions have been studied by the flow method,* it can already be said that the latter reactions, when carried out under conditions comparable with those prevailing in the blood pigment studies, appear to be considerably slower. The concentrations of the blood pigments and of the gases reacting with them were of the same order. As shown above, the reactions of catalase and methemoglobin require a great excess of inhibitor or substrate in order to proceed at a rate comparable to that observed in the case of the blood pigments. Once the rate of combination of catalase with its substrates is accurately determined, the rate of dissociation of the intermediates into free enzyme and unchanged substrate, i.e., the velocity constant k2 in equation (1) The problem of the mechanism of these enzymatic reactions seems to resolve itself to the question as to the cause of the instability of the enzyme-substrate compounds. No solution of this fundamental problem may be expected from kinetic studies. The problem might possibly be attacked by studying the magnetic properties of the intermediates and also by measurements of the heat formation in the course of the reactions. A determination of the magnetic moments of some intermediates is planned in collaboration with Professor Linus Pauling. Some of his results obtained on blood pigments and their derivatives are shown in Table III . The variety of conditions encountered in the structure of ferrihemoglobin complexes is surprising. It will be interesting to see which magnetic moment is shown by the combination of the strongly paramagnetic ferrihemoglobin, corresponding to 5 Bohr magnetons per heme, with the diamagnetic hydrogen peroxide. The magnetic measurements should furnish evidence as to the structure of catalystsubstrate intermediates.
The second line of approach might consist in heat measurements. Table II gives some figures for the heat released upon combination of blood pigments with gases. Nothing is known about the energy relations in the case of ferriheme derivatives. It is planned to measure their "slow heat of reaction" and also the "rapid heats of reaction" arising in the course of the enzyme-substrate interaction. The methods developed by Roughton4 37 appear to provide the tools for attacking the question from the point of view of energy relationships. It would, of course, be even more important to determine the corresponding changes in free energy. But this appears impractical at the present for experimental reasons. Table II shows that in the case of ferroheme derivatives the heats of combination are only of the order of heats of adsorption, ionization, or solution. Still, it may be that in the particular case of the unstable enzyme-substrate compounds a relatively small amount of energy released upon combination is concentrated on a few degrees of freedom of the enzyme-substrate complex which causes the breakdown of the substrate into product molecules. These must not necessarily be identical with the end-products of the reaction, but may be free radicals initiating a reaction chain, perhaps of the type suggested by Haber and Willstatter'5 or its modification by the author. 42 Decisive proof for or against a chain mechanism of the catalytic reaction is still wanting."
In concluding this discussion, a few words might be said concerning the possibility that some other heavy metal besides iron, especially copper, may be a constituent of catalytically active protein complexes occurring in nature. The fact that some copper porphyrin complexes have been found in living matter, e.g., turacin which is a copper uroporphyrin salt and also a copper coproporphyrin complex in the cultures of certain bacteria7' " demonstrates that the cell can synthesize such compounds. This has prompted us to explore the catalytic properties of synthetic copper porphyrin derivatives. Copper will combine with protoporphyrin only in the cupric but not in the cuprous state.* The cupriporphyrin cannot be reduced with hydrosulphite or palladium-activated hydrogen. It will not combine to form parahematin-like complexes with bases like pyridine or with native globin. Though the latter result was to be expected in view of the coordinatively saturated state of the copper in its com-* Salomon and Stern: Unpublished. bination with porphyrin, copper being coordinatively tetravalent throughout, the failure to obtain the cuproporphyrin salt could not be anticipated on theoretical grounds. The catalytic efficiency of the cupriporphyrin complex was tested with respect to the oxidation of cysteine by molecular oxygen. Preliminary results indicate that the complex has a distinct catalytic activity. The possibility exists, of course, that copper may be present in biocatalysts in a linkage other than that of a porphyrin derivative.
Post Scriptum As this manuscript goes to press, F. Kubowitz (Biochem. Ztschr., 1937 292, 221) reports from Warburg's laboratory that the potato oxidase, which is also called phenol oxidase or laccase, is a copper-protein complex. It oxidizes polyphenols to the corresponding quinones which, in vitro, are able to oxidize, in turn, the reduced form of certain fermentation enzymes. The oxidase is an example of a biocatalyst which is poisoned by HCN, CO, and H2S; the CO-inhibition is not relieved by mumination.
